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Abstract 
Eoarchaean juvenile crust formed as ‘proto-arcs’. The northern side of the Isua supracrustal belt is an 
archetypal proto-arc, with ≥3720 Ma boninites, c. 3720 Ma basalts and gabbros, 3720–3710 Ma 
andesites, diorites and mafic tonalites, 3710–3700 Ma intermediate-felsic volcanic and sedimentary 
rocks and 3700–3690 Ma chemical sedimentary rocks. On its northern side there is an extensive body of 
3700–3690 Ma tonalite. During its evolution, the c. 3700 Ma Isua volcanic–sedimentary assemblage was 
partitioned into tectonic slices, with intercalation of mantle dunites with pillow basalts, prior to intrusion 
of c. 3710 Ma quartz diorites. Partitioning also occurred at 3690–3660 Ma, when the 30–20 million years 
life of the c. 3700 Ma Isua proto-arc was terminated by juxtaposition with the c. 3800 Ma terrane that 
occurs along the south of the Isua supracrustal belt. The trace element chemistry for all the ≥3720–3700 
Ma mafic to intermediate volcanic rocks indicates fluid-fluxing mantle melting. The c. 3690 Ma tonalites 
have signatures showing melting of garnet-bearing mafic (eclogite) sources. The Isua c. 3700 Ma 
assemblage developed at an intra-oceanic convergent plate boundary, and it has a life-cycle broadly 
analogous to (but not identical to) an oceanic island arc eventually accreted against older crust. 
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Abstract: Eoarchaean juvenile crust formed as ‘proto-arcs’. The northern side of the Isua 19 
supracrustal belt is an archetypal proto-arc, with ≥3720 Ma boninites, c. 3720 Ma basalts and 20 
gabbros, 3720-3710 Ma andesites, diorites and mafic tonalites, 3710-3700 Ma 21 
intermediate-felsic volcanic and sedimentary rocks and 3700-3690 Ma chemical sedimentary 22 
rocks. On its northern side there is an extensive body of 3700-3690 Ma tonalite. During its 23 
evolution the c. 3700 Ma Isua volcanic-sedimentary assemblage was partitioned into tectonic 24 
slices, with the intercalation of mantle dunites with pillow basalts, prior to intrusion of c. 3710 25 
Ma quartz diorites. Partitioning also occurred at 3690-3660 Ma, when the 30-20 million years 26 
life of the c. 3700 Ma Isua proto-arc was terminated by juxtaposition with the c. 3800 Ma 27 
terrane that occurs along the south of the Isua supracrustal belt. The trace element chemistry for 28 
all the ≥3720-3700 Ma mafic to intermediate volcanic rocks indicates fluid-fluxing mantle 29 
melting. The c. 3690 Ma tonalites have signatures showing melting of garnet-bearing mafic 30 
(eclogite) sources. The Isua c. 3700 Ma assemblage developed at an intra-oceanic convergent 31 
plate boundary, and that it has a life cycle broadly analogous (but not identical to) an oceanic 32 
island arc eventually accreted against older crust. 33 
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Strontium, Nd and Hf radiogenic isotope data from the rare surviving oldest rocks 37 
(4000-3600 Ma; approximately a millionth of the present crust) indicate that they 38 
represent largely juvenile Eoarchaean crust (Moorbath, 1975; Hamilton et al., 1978; 39 
Baadsgaard et al., 1986a; Collerson et al., 1991; Bennett et al., 1993, 2007; Caro et al., 40 
2005; Hiess et al., 2009). One school of thought proposes that surviving Eoarchaean 41 
crust, exemplified by that found in the Itsaq Gneiss Complex of Greenland, formed at 42 
convergent plate boundaries due to fluid-fluxing of mantle and/or melting of 43 
subducted mafic crust, i.e. in an environment akin to modern island arcs (e.g., Nutman 44 
et al., 1999, 2007; Polat et al., 2002; Polat & Hoffman, 2003; Jenner et al., 2009; 45 
Nagel et al., 2012). Alternatively, based solely on the Hf isotopic signatures of zircons 46 
from ancient orthogneisses, a non-plate tectonic mechanism of Eoarchaean crust 47 
formation was proposed by Næraa et al. (2012). Other tectonic settings for crust 48 
formation have been provided by Shirey & Richardson (2011) and Dhuime et al. 49 
(2012). 50 
However, other lines of evidence besides radiogenic isotopic signatures are 51 
important in elucidating the origin and evolution of crust. This is because these 52 
signatures only indicate whether newly-formed crust is juvenile or involves melting of 53 
older continent-like crust, and reveals nothing concerning the melting mechanism and 54 
tectonic setting of crust formation. Thus structural geology data (e.g., Nutman, 1984, 55 
Nutman et al., 2002; Komiya et al., 1999), whole rock geochemistry signatures (e.g., 56 
Nutman et al., 1999; Polat & Hofmann, 2003; Hoffmann et al., 2011a) and accurate 57 
and precise absolute dates (particularly by U-Pb zircon methods) should be integrated 58 
with the isotopic data (e.g., Bennett et al., 2007; Hoffmann et al., 2011b). 59 
Consequently, a multidisciplinary data set offers the best constraints on the 60 
geodynamic setting of crust formation and provides insight into the meaning of 61 
changing palaeogeographic settings (such as marine transgressions and regressions). In 62 
this paper we follow this holistic approach, and apply it to the c. 3700 Ma portion of 63 
the Isua supracrustal belt (West Greenland; Fig. 1), which is the world’s best preserved 64 
example of Eoarchaean crust formation. For the Isua supracrustal belt we conclude that 65 
scenarios analogous with, but not identical to, island-arc settings best fit the 66 
multidisciplinary data. We introduce here the term proto-arc for these ancient rock 67 
assemblages. We then explore how in detail the architecture of proto-arcs might have 68 
differed from that of Phanerozoic arcs. 69 
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 70 
The oldest geological record and the Isua supracrustal belt 71 
The Eoarchaean geological record 72 
The rare occurrences of 4000-3600 Ma (Eoarchaean) rocks reflect the small 73 
volume of them that have survived more than 3.5 billion years of plate tectonics, 74 
weathering and erosion (Nutman, 2006 and references therein). Such old rocks occur 75 
as variably preserved remnants in several gneiss complexes around the world (the Itsaq 76 
Gneiss Complex of Greenland, Uivak Gneisses of Labrador, Narryer Gneiss Complex 77 
of Western Australia, Acasta Gneisses of the Northwestern Territories and gneisses in 78 
the Anshan area of northeastern China; for summaries of these see Schiøtte et al., 79 
1989; Nutman et al., 1991, 1996; Kinny & Nutman, 1996; Bowring & Williams, 1999; 80 
Iizuka et al., 2007; Liu et al., 2007; O’Neil et al., 2007 and Horie et al., 2010). The 81 
~3000 km2 Itsaq Gneiss Complex of the Nuuk district of southern West Greenland is 82 
the best exposed with some areas of relatively low strain and low metamorphic grade 83 
(Nutman et al. 1996 and references therein). These attributes mean that data from 84 
theItsaq Gneiss Complex are important in of studies towards a better understanding of 85 
the Eoarchaean Earth. 86 
 87 
Itsaq Gneiss Complex 88 
Much of the Itsaq Gneiss Complex was affected by 3660-3600 Ma high-grade 89 
metamorphism and ductile deformation (Griffin et al., 1980, Nutman et al., 1996; 90 
Friend & Nutman 2005a), such that by c. 3600 Ma its lithologies had been widely 91 
converted into strongly deformed, multi-component, amphibolite-granulite facies 92 
gneisses (McGregor, 1973; Nutman et al., 2000). An additional complication in 93 
interpreting the Itsaq Gneiss Complex is that it occurs as tectonic slivers bounded by 94 
folded Meso- and Neoarchaean meta-mylonites, within a collage of younger Archaean 95 
terranes that were assembled into their present configuration by the end of the 96 
Archaean (Friend et al., 1987, 1988; Nutman et al., 1989, Nutman & Friend, 2007; 97 
Crowley, 2002; Friend & Nutman, 2005b). 98 
The later Archaean tectonothermal overprints mean that at most localities it is 99 
hard to extract any detailed information concerning the early history of the Itsaq Gneiss 100 
Complex. Fortunately, around the Isua supracrustal belt at the Itsaq Gneiss Complex’s 101 
northern extremity (Fig. 1), there are domains that are least affected by later Archaean 102 
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tectonothermal overprinting which provide a window onto the early Earth’s crust. This 103 
allows (a) study of the earliest tectonic evolution (e.g. Nutman, 1984; Nutman et al., 104 
1984, 2002, Komiya et al., 1999; Nutman & Friend, 2009), (b) provides the most 105 
robust geochemical and isotopic interpretations because individual Eoarchaean crustal 106 
components can be sampled separately (e.g., Baadsgaard et al., 1986a; Nutman et al., 107 
1996, 1999; Friend et al., 2002; Crowley et al., 2002; Polat et al., 2002; Polat & 108 
Hofmann, 2003; Bennett et al., 1993, 2003, 2007; Hiess et al., 2009), (c) gives insight 109 
into volcanic and sedimentary environments, (d) perhaps containing evidence of the 110 
earliest life habitats (Schidlowski et al., 1979; Rosing, 1999; Dauphas et al., 2004; 111 
Nutman et al., 2010; Craddock & Dauphas, 2011) and (e) allows understanding of 112 
Earth’s early climate (Rosing et al., 2010; Nutman et al., 2012a). 113 
 114 
The Isua supracrustal belt 115 
Within the Itsaq Gneiss Complex the most important unit of supracrustal rocks 116 
is the Isua supracrustal belt. The belt is c. 35 km long by up to 2.5 km wide (Fig. 1). To 117 
the east it is covered by the edge of the Inland Ice. To the north and south, the belt is 118 
bounded by metaplutonic complexes, with that on the north dominated by 3700-3690 119 
Ma tonalite protoliths with c. 3650 Ma granite sheets, and that to the south dominated 120 
by 3820-3795 Ma tonalite protoliths (Nutman et al., 1996, 1997, 2000; Crowley et al., 121 
2002; Crowley, 2003; Nutman & Friend, 2009). In southern part of the belt, intrusive 122 
tonalite sheets are more common than in the north, and intrude already deformed 123 
metabasaltic rocks. To the west the belt is in tectonic contact with Mesoarchaean 124 
gneisses and supracrustal rocks (Nutman & Friend, 2009). 125 
Despite that the Isua supracrustal belt largely escaped Neoarchaean 126 
deformation, most of the belt was already strongly deformed in the Eoarchaean. This 127 
means that outcrop-scale compositional layering is mostly of transposed tectonic 128 
origin (Nutman et al., 1984, 1996, 2002, 2007; Myers, 2001). Thus, it is only in a few 129 
places that primary volcanic and sedimentary structures have survived (e.g., Nutman et 130 
al., 1984; 1997, 2007; Komiya et al., 1999; Solvang, 1999; Furnes et al., 2007). 131 
Plutonic rocks are much less common within the belt, but include some gabbros and 132 
ultramafic rocks that were derived from both layered gabbro intrusion cumulates and 133 
from the mantle (e.g., Dymek et al., 1988; Friend & Nutman, 2011). 134 
Initial age constraints of the Isua supracrustal belt rocks were Rb-Sr whole rock 135 
Eoarchaean errorchrons (linear scatters of data which give an approximate ages with 136 
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errors of >100 million years) for orthogneiss components invading and proximal to the 137 
belt (Moorbath et al., 1972, 1977), a whole rock Pb-Pb 3710 ± 70 Ma errorchron on a 138 
banded iron formation unit (Moorbath et al., 1973), and a Sm-Nd 3770 ± 42 Ma 139 
errorchron for a mixed suite of felsic and mafic rocks (Hamilton et al., 1978). Within 140 
this early geochronological framework, it was considered that the Isua supracrustal 141 
rocks were all related, albeit partitioned by early tectonic breaks (Nutman et al., 1984). 142 
Subsequently, with uncertainties of ≤ ± 10 Ma, SHRIMP U-Pb zircon dating 143 
demonstrated that the belt contained supracrustal rocks varying in age by 100 million 144 
years. Hence the belt’s southern part is dominated by c. 3800 Ma rocks, whereas along 145 
its northern and central portions there are c. 3700 Ma rocks (Fig. 1; Nutman et al., 146 
1996, 1997). Nutman et al. (1997) proposed that these unrelated sequences were 147 
separated by Eoarchaean mylonites, and this basic principle has stood independent 148 
tests of integrated detailed field work with zircon U-Pb geochronology   by Crowley 149 
(2003) and Kamber et al. (2005) and has been expanded upon in more recent work 150 
(Nutman & Friend, 2009; Nutman et al., 2002, 2009; Friend & Nutman, 2010). The 151 
younger, c. 3700 Ma supracrustal and plutonic rocks along the northern side of the Isua 152 
supracrustal belt overall have the most areas of low rare low strain of all the Itsaq 153 
Gneiss Complex is therefore the most amenable one to provide information on the 154 
origin and evolution of Eoarchaean crust. 155 
 156 
Detailed evolution of the c. 3700 Ma portion of the Isua supracrustal belt 157 
Lithologies and U-Pb zircon geochronology 158 
The c. 3700 Ma portion of the Isua supracrustal belt comprises tectonically 159 
imbricated slices of mostly strongly deformed, amphibolitised pillow lavas and lesser 160 
amounts of gabbro and cumulate ultramafic rocks, felsic schists with andesite-dacite 161 
protoliths, metasedimentary mica-rich schists derived from volcanic sources, chemical 162 
sedimentary rocks and depleted mantle dunite (e.g., Allaart, 1976; Nutman et al., 1984, 163 
2009, Polat et al., 2002; Polat & Hofmann, 2003; Bohlar et al., 2004, 2005; Kamber et 164 
al., 2005; Friend et al., 2007; Friend & Nutman, 2011).  165 
The amphibolites have two main variants, a high Mg/Fe one that in early 166 
studies was known as the garbenschiefer unit (e.g., Allaart et al., 1976, Gill et al., 167 
1981; Nutman et al., 1984) and the other is a lower Mg/Fe type. These form mutually 168 
exclusive mappable units (Nutman et al., 1984, 2002; Nutman & Friend, 2009). The 169 
high Mg/Fe variety (garbenschiefer) has boninitic affinities, whereas the lower Mg/Fe 170 
26/11/2013 proto-arc emergence  Nutman et al.  7  
 
  
varieties are geochemically akin to arc basalts (showing features such as enrichment of 171 
the light rare earth elements and Nb and Ti depletions; Polat et al., 2002; Polat & 172 
Hoffman, 2003; see below). Both varieties are dominated by volcanic protoliths, with 173 
sporadic but overall rare preservation of pillow structure (e.g., Komiya et al., 1999; 174 
Furnes et al., 2007, 2009; Friend & Nutman, 2010). In a rare low strain area in the west 175 
of the belt (Fig. 2), layered gabbro with amphibolitised relict igneous texture occurs 176 
within boninitic pillow lavas and contains high Th/U igneous zircons with an age of 177 
3717 ± 11 Ma (Nutman & Friend, 2009). Boninitic amphibolites with relict pillow 178 
structure are also cut by a 3712 ± 6 Ma hypabyssal mafic tonalite sheet (Nutman & 179 
Friend, 2009). These precise U-Pb zircon minimum ages indicate that the boninitic 180 
amphibolites are ≥3720-3710 Ma old, in accord with less precise whole rock Sm-Nd 181 
and Lu-Hf age determinations on them of 3756 ± 200 Ma to 3825 ± 160 Ma (Hamilton 182 
et al., 1978; Hoffmann et al., 2010). The 3717 ± 11 Ma leucogabbro sheet that cuts 183 
boninitic metabasalts has arc-basalt chemical affinities (sample G07/26 – below), and 184 
might give an absolute age determination on the regional lower Mg/Fe basalts. In the 185 
northern end of the belt, 3717 ± 6 Ma diorites (Friend & Nutman, 2010) intrude lower 186 
Mg/Fe amphibolites.  187 
Ultramafic rocks occur as lenses within the c. 3700 Ma amphibolite sequences. 188 
Most of these are highly altered and modified, and now occur as variably carbonated 189 
amphibole, serpentine and locally talc-bearing schists. Some of these represent 190 
dismembered, altered cumulate portions of gabbro intrusions (Dymek et al., 1988), but 191 
one strand of ultramafic schists in the western end of the belt (Figs. 2 and 3) contains 192 
two large pods (c. 50 x 100 m and 100 x 500 m) of variably-altered but locally fresh 193 
dunite, which have depleted mantle chemical signatures, such as depletion of the light 194 
rare earth elements, extremely low Al, Ca and Ti contents and being dominated by c. 195 
Fo90 olivine (Friend & Nutman, 2011). 196 
Layered felsic mica schists are most extensive in the eastern end of the belt 197 
(Fig. 1). They locally preserve agglomerate structures and graded layering (Nutman et 198 
al., 1984, 1997) and are thus most likely of volcanic or volcano-sedimentary origin. 199 
These rocks contain 3710-3700 Ma igneous zircons, showing they are marginally 200 
younger than intercalated mafic volcanic rocks (Nutman et al., 2009). Mafic 201 
mica-garnet rich schists are found interspersed with the felsic schists, and are derived 202 
from weathered mafic igneous sources (Nutman et al., 1984, 2012a; Bohlar et al., 203 
2005). The mafic schists have given sparse yields of small prismatic zircons with 204 
26/11/2013 proto-arc emergence  Nutman et al.  8  
 
  
3710-3700 Ma ages (Kamber et al., 2005) – confirming that they are coeval with the 205 
associated felsic mica schists.  206 
Major units of non-detrital sedimentary rocks occur with the c. 3700 Ma 207 
volcanic rocks (Moorbath et al., 1973; Allaart, 1976). These yield sparse, small 208 
(typically c. 50 µm long), euhedral, oscillatory-zoned zircons, with ages of 3695-3690 209 
Ma (Nutman et al., 2002, 2009). These are interpreted as small amounts of 210 
volcanogenic material incorporated into the chemical sedimentary rocks, possibly as 211 
ash, and thereby give a proxy for their true age (Nutman et al., 2002, 2009). These 212 
chemical sedimentary rocks vary from chert, to layered quartz + magnetite banded iron 213 
formation, to calc-silicate rocks and dolomitic marbles. The cherts and banded iron 214 
formations have always been accepted as having sedimentary protoliths (onwards from 215 
Moorbath et al., 1973 and Allaart, 1976). However the protoliths for the calc-silicate 216 
rocks and marbles have been disputed. Some authors suppose that they are entirely 217 
metasomatic in origin (e.g. Rosing et al., 1996), contesting earlier interpretations that 218 
at least some have sedimentary/surficial protoliths (Allaart, 1976; Nutman et al., 219 
1984). The sedimentary interpretation is supported by modern detailed geochemical 220 
and stable isotope studies because at least some of them display a seawater-like 221 
REE+Y (rare earth element + yttrium) trace element signature (Friend et al., 2007), 222 
and because they display Fe isotopic fractionation indicative of biomediation 223 
(Craddock & Dauphas, 2011). Thus although it is widely acknowledged that the belt 224 
has been subjected to metasomatism with carbonate veining, there is increasing 225 
evidence that at least some of the carbonates are of sedimentary/surficial origin. It also 226 
now appears that biomediation probably played a part in their development (Craddock 227 
& Dauphas, 2011; Nutman et al., 2010). 228 
≥3700 Ma supracrustal rocks of the Isua supracrustal belt, locally intruded by 229 
3720-3710 Ma quartz diorites and mafic tonalites, are in early tectonic contact with a 230 
northern domain of 3700-3690 Ma tonalitic gneisses intruded by c. 3650 Ma granite 231 
sheets (Fig. 1; Nutman et al., 1996, 2000, 2002; Crowley et al., 2002). This 3700-3690 232 
Ma tonalite domain, or a volcanic carapace eroded off it, could be representative of the 233 
distal source for the rare, small oscillatory-zoned zircons in the chemical sedimentary 234 
rocks of the c. 3700 Ma part of the belt. 235 
 236 
Submarine and subaerial environments 237 
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In low strain zones scattered throughout the belt, ≥3720 Ma both boninitic and 238 
lower Mg/Fe amphibolites locally preserve pillow structures. In a low strain zone in 239 
the east of the belt (Fig. 4, locality A), more evolved mafic-intermediate volcanic rocks 240 
also preserve pillow structures (Solvang, 1999), and these have yielded a single 241 
oscillatory-zoned prismatic zircon with an age of 3709 ± 9 Ma (Nutman et al., 2010). 242 
This indicates that submarine conditions continued until at least c. 3710 Ma.  243 
Based on the facing direction of the relict pillow structures in low strain zone A 244 
on Fig. 4, the c. 3710 Ma mafic-intermediate pillowed rocks are stratigraphically the 245 
lowest, and face up to a unit of chemical sedimentary rocks. Sparse 3695-3690 Ma 246 
volcanogenic zircons within the chemical sedimentary rocks are taken as giving their 247 
time of deposition (Fig. 4; Nutman et al., 2002, 2009). The structural and stratigraphic 248 
top of the chemical sedimentary rocks is terminated by a mylonite, above which there 249 
is an allochtonous body of ≥3720 Ma boninitic amphibolites. The boundary between 250 
the underlying pillowed mafic-intermediate volcanic rocks and the chemical 251 
sedimentary rocks is not a tectonic break (albeit it is deformed). Our preferred 252 
interpretation, supported by geochemical evidence given below, is that the underlying 253 
pillowed submarine volcanic rocks were uplifted, subaerially exposed, weathered and 254 
eroded, prior to a transgression and deposition of the chemical sedimentary rocks on 255 
top of them at 3695-3690 Ma.  256 
The accrued geological, geochronological and geochemical data are evidence 257 
for contrasting volcanic and sedimentary environments, from (deep) marine for the 258 
early basalts to at least locally subaerial between 3710 and 3695 Ma and then 259 
submarine again for the 3695-3690 Ma chemical sedimentary rocks. 260 
 261 
Whole rock geochemistry of igneous rocks 262 
Polat et al., (2002) and Polat & Hofmann (2003) showed that with careful 263 
sampling, Isua mafic igneous rocks with close to original igneous geochemical 264 
composition can be selected. This is borne out in the mafic igneous (M), felsic igneous 265 
(F) and weathering (W) ternary plot of Ohata & Arai (2007; Fig. 5; see figure caption 266 
for more information on this plot), where ‘fresh’ well-preserved metabasaltic rocks of 267 
both categories plus leucocratic metagabbros of the lower Mg/Fe suite coincide with 268 
the igneous trend in this diagram (Table 1, Fig. 5). The centres of well-preserved 269 
pillows in basalts of lower Mg/Fe island arc affinity show δ18O values of +9.9 to +6.3 270 
(Furnes et al., 2007), typical of those found in younger submarine settings, with the 271 
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variation considered to reflect hydrothermal effects immediately following eruption. 272 
Likewise, well-preserved (i.e. with relict igneous texture) more evolved igneous rocks 273 
fall exactly on the igneous trend M-F igneous trend on the M-F-W plot; 3720-3710 Ma 274 
diorites and mafic tonalites (samples 229404, G07/25 and G07/28) and the c. 3690 Ma 275 
tonalites (such as sample G07/41; Table 1, Fig.5). Indication of the freshness of these 276 
rocks is given by ‘mantle-like’ whole rock δ18O values between +7 to +8 for samples 277 
229404 and 225893 (Baadsgaard et al., 1986b).  278 
Alteration of the igneous chemistry of the c. 3700 Ma igneous rocks could have 279 
been by metasomatism or Eoarchaean weathering. Superimposed metasomatism can 280 
be due to focused-flow fluid-dominant regimes during later tectonothermal events (e.g. 281 
Nutman et al., 1984; Rosing et al., 1996). Field evidence such as coarse-grained quartz 282 
or carbonate veining and growth of coarse mica can discriminate such cases, and such 283 
rocks have been avoided in sampling (e.g., Polat & Hofmann, 2003; Jenner et al., 284 
2009; Hoffmann et al., 2010). Strong ductile deformation with distributed fluid flow 285 
may also provide an opportunity for marked modification in the chemistry of the rocks. 286 
This can be assessed by comparing the chemistry of Isua metavolcanic rocks from low 287 
and high ductile strain domains. In the rare low strain domains pillow structures are 288 
preserved, but generally Eoarchaean (i.e., prior to the intrusion of the ~3500 Ma 289 
Ameralik dykes) ductile high strain converted the ‘boninitic’ rocks into magnesian 290 
chlorite + orthoamphibole + plagioclase schists, whereas the lower Mg/Fe basalts were 291 
converted into strongly layered hornblende + plagioclase amphibolites. On an MFW 292 
plot, the compositions of the strongly deformed rocks from both categories are 293 
congruent with their less deformed counterparts (Fig. 5 and its legend). This 294 
demonstrates that the superimposed ductile deformation did not modify the major 295 
element chemistry of the rocks to the extent it could be detectable on such plots. 296 
Immobility is also apparent for elements such as the REE and HFSE that are used to 297 
discriminate different petrogenesis of igneous suites. This is shown by comparing the 298 
trace element pattern for low strain pillowed amphibolites such as G05/32, -33 with 299 
highly strained, flaggy amphibolite G93/18 from the same unit (Fig. 6a). 300 
A second scenario to modify whole rock chemistry is weathering, particularly 301 
in a subaerial setting. At localities A and B (Fig. 4) the major element chemistry of the 302 
c. 3710 Ma volcanic rocks unconformably overlain by chemical sedimentary rocks of 303 
deviates from igneous trends in the MFW plot, with a strong dispersion from the M-F 304 
trend towards W. Such deviations from undisturbed geochemical trends are focused 305 
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stratigraphically underneath a younger, overlying chemical sedimentary unit. 306 
Furthermore, 3710-3700 Ma volcano-sedimentary rocks that are low strain and lacking 307 
in evidence of metasomatism via veining show variable but mostly considerable 308 
deviation towards W off the M-F igneous trend. This suggests that prior to or during 309 
deposition, material forming them had been subjected to variable degrees of subaerial 310 
weathering (Nutman et al., 2012a; Fig. 5). 311 
Our selection of mafic whole rock geochemical data (Table 2) replicates the 312 
results of the more extensive studies of Polat et al. (2002) and Polat & Hofmann 313 
(2003), with enrichment of the LREE over the HREE and negative Nb, Ta and Ti 314 
anomalies (Fig. 6A). Using combinations of elements considered as immobile (at least 315 
in rock-dominated tectonic systems), location of the data in the volcanic arc field in 316 
plots such as Nb/Yb versus Th/Yb (Fig. 6B) indicate the importance of fluid-fluxing of 317 
upper mantle sources in forming the boninites and the lower Mg/Fe basalts that are of 318 
arc affinity (see Eggins, 1993 for explanation of the fluid fluxing mechanism 319 
geochemical signatures). Rare gabbro bodies (such as G07/26 with a U-Pb zircon age 320 
of 3717 ± 11 Ma that occurs with boninitic amphibolites) also have arc-basalt affinity 321 
(Fig. 6). The same applies for somewhat more evolved volcanic rocks such as the 322 
slightly younger (3709 ± 9 Ma) varieties around locality A in Fig. 4 – which have a 323 
more andesitic affinity (Table 1, Fig. 6). 324 
On the SiO2 versus MgO plot the older (3720-3710 Ma) plutonic rocks are 325 
mostly low SiO2 and high MgO (Fig. 7A). These can be broadly classified as 326 
quartz-diorites, apart from G07/25 that is a high-Mg tonalite. On discriminant 327 
diagrams such as Y versus Sr/Y and Yb(N) versus La/Yb(N) the lower silica 3720-3710 328 
Ma plutonic rocks fall in the field of typical arc rocks (Fig. 7B,C). Most likely their 329 
origin was dominated by melts produced by fluid fluxing of mantle (see Martin et al., 330 
2005). It should be noted also that these rocks have trace element patterns and Nb/Yb 331 
and Th/Yb very similar to c. 3710 Ma andesites (such as samples at locality A, Fig. 4; 332 
see the data for plutonic rocks G07/28 and G05/25 placed onto Fig. 6). This indicates 333 
that they are simply plutonic and volcanic manifestations of the same igneous event.  334 
The 3700-3690 Ma tonalites that form the large allochthonous mass north of 335 
the belt are geochemically distinct, with higher SiO2 and much lower MgO (Fig. 7A). 336 
In Y versus Sr/Y and Yb(N) versus La/Yb(N) discriminant plots (Figs. 7B,C), some of 337 
the samples fall in the field of typical adakites whereas others lie in the region where 338 
adakites and typical arc compositions overlap. Based on this alone, the younger suite 339 
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could have formed by melting of mafic rocks under high pressure (eclogite or garnet 340 
amphibolite; c.f., Martin, 1986; Martin et al., 2005) or by (extensive) fractional 341 
crystallisation of more mafic arc magmas (MacPherson et al., 2006). However there is 342 
a major volume problem with the latter model, because the 343 
tonalite-trondhjemite-granodiorite suites form approximately 90% of the Eoarchaean 344 
crust. It is now documented that early tectonic intercalation has juxtaposed upper 345 
mantle and upper crustal rocks (Nutman et al., 1996; Friend et al, 2010). Why then is 346 
there not ample evidence of lower crustal cumulates complementing the 347 
tonalite-trondhjemite-granodiorite suites in the Eoarchaean geological record? This 348 
volume problem is resolved if the tonalite-trondhjemite-granodiorite suites formed by 349 
partial melting of mafic rocks buried by underthrusting into the stability field of 350 
eclogite. In which case, the complementary very dense resitites reside in the mantle. 351 
 352 
≥3650 Ma tectonism 353 
Mapping combined with U-Pb zircon geochronology shows that within the c. 354 
3700 Ma part of Isua, rocks were tectonically intercalated prior to intrusion of the c. 355 
3510 Ma Ameralik (metabasic) dykes (Nutman et al., 1984, 2007, 2009; Komiya et al., 356 
1999; Nutman & Friend, 2009). There are several episodes of tectonic intercalation. 357 
Thus at the eastern margin of northwestern portion of the belt (Fig. 2), c. 3720 Ma low 358 
Mg/Fe amphibolites of island arc basalt affinity with rare relicts of pillow structure 359 
(e.g., Furnes et al., 2007) are tectonically intercalated with upper mantle dunites 360 
(Friend & Nutman, 2011). This tectonic intercalation is older than the intrusion of the 361 
3717 ± 6 Ma diorites to the east (Friend & Nutman, 2010). Within the northwestern 362 
part of the belt, c. 3690 Ma banded iron formation is tectonically intercalated with 363 
felsic schists bearing 3724-3712 Ma volcanic or sedimentary zircons (G05/28+29 in 364 
Fig. 2). In turn, these intercalated rocks occur as a tectonic sliver within ≥3717 Ma 365 
boninitic amphibolites. In the eastern part of the belt, a tectonic (folded thrust) contact 366 
between c. 3690 Ma metachert with banded iron formation and tectonically overlying 367 
boninitic amphibolite has been intruded by a gabbro sheet (Fig. 4). Along strike to the 368 
southwest, where this sheet lies entirely within pillowed boninitic amphibolites, it has 369 
yielded sparse high Th/U 3643 ± 6 Ma zircons, interpreted as giving the magmatic age 370 
(sample G97/87 in Nutman et al., 2002). This indicates that the thrusting of the 371 
boninitic rocks over c. 3690 Ma chemical sedimentary rocks occurred before 3643 Ma. 372 
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There are also younger Eoarchaean shear zones and tectonic breaks in the Isua 373 
supracrustal belt. The most important of these is the tectonic break separating the c. 374 
3800 Ma rocks in the south of Isua from the c. 3700 Ma rocks to the north (Fig. 1). This 375 
break has been interpreted as a tectonically reactivated suture, marking the 376 
juxtaposition of c. 3800 and c. 3700 Ma terranes. This occurred between c. 3690 Ma 377 
(youngest rocks unique to the northern terrane) and 3660 Ma, the age of the first rocks 378 
common to both terranes (Crowley, 2003; Nutman & Friend, 2009). North of, and 379 
sub-parallel to this important boundary, there are other mylonites. These mylonites 380 
partition the c. 3700 Ma assemblage into sub-terranes, and thereby also truncate earlier 381 
tectonic breaks described above (Nutman & Friend, 2009). These are commonly 382 
marked by synkinematic pegmatites with flaser structure that yield ages of 3650-3640 383 
Ma (Crowley et al., 2002; Nutman et al., 2002). These breaks are regarded as relating 384 
to extensional partitioning of crust that had been thickened a short time before during 385 
the juxtaposition of the 3800 Ma and 3700 Ma terranes (Nutman et al., 2012b).  386 
 387 
Discussion 388 
Juvenile crust 389 
All samples from the c. 3700 Ma supracrustal assemblage and the tonalite 390 
domain to the north have whole rock initial εNd values of ≥ +1 and near-chondritic 391 
zircon and whole rock initial εHf values of c. 0 ± 1 (Hamilton et al., 1978; Jacobsen & 392 
Dymek, 1987; Baadsgaard et al., 1986a; Moorbath, 2005; Polat et al., 2002; Hiess et 393 
al., 2009; Rizo et al., 2011; Hoffmann et al., 2011b, Rizo et al., 2011, Næraa et al., 394 
2012). The single exception is the ≥3720 Ma boninitic metabasalts, with initial εHf 395 
values of up to + 12 (Hoffmann et al., 2010). Furthermore, all zircons within 396 
sedimentary rocks of the c. 3700 Ma terrane are 3740-3690 million years old, in stark 397 
contrast to the c. 3800 Ma terrane to the south where detrital grains up to 3940 million 398 
years old have been recorded in sedimentary rocks (Nutman et al., 2009). This shows 399 
that the c. 3700 Ma assemblage is essentially juvenile – with no detectable input from 400 
older (3940-3800 Ma) sialic crust exposed immediately south of the suture running 401 
through the Isua supracrustal belt (Fig. 1). 402 
Geochemical evidence such as depletion of Nb and Ta (Fig. 6) indicates that mafic to 403 
intermediate igneous rocks in the c. 3700 Ma terrane involved fluid-fluxing of upper 404 
mantle sources (Polat et al., 2002; Polat & Hofmann, 2003). Igneous rocks represented 405 
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by the extensive 3700-3690 Ma tonalite outcrops north of the Isua supracrustal belt 406 
have geochemical signatures (e.g. high La/Yb(N) and low Yb(N)) that according to 407 
widely accepted interpretations (Martin, 1986; Martin et al., 2005; Hoffmann et al., 408 
2011a) are indicative of melting eclogites and/or high pressure granulites. Combined 409 
with the U-Pb zircon geochronology (Nutman & Friend, 2009) this shows a temporal 410 
progression of melting mechanisms from early mantle fluid-fluxing (≤3720-3710 Ma) 411 
to melting high pressure mafic rock sources (3700-3690 Ma). 412 
 413 
Tectonically active environment 414 
Development of the igneous assemblages took place in a tectonically active 415 
environment, such that by 3717 Ma, metabasalts had been tectonically intercalated 416 
with slices of upper mantle dunite (Fig. 2; Friend & Nutman, 2010, 2011), and by 3643 417 
Ma andesites and basalts capped by 3690 Ma chemical sedimentary rock had ≥3720 418 
Ma boninites thrust over them (Localities A and B in Fig. 4). Further evidence for the 419 
tectonically active environment comes from the variable degree of c. 3700 Ma 420 
chemical weathering displayed by both 3710-3700 Ma volcano-sedimentary rocks 421 
(Nutman et al., 2012a) and by ≥3710 igneous rocks (Fig. 5). As demonstrated by 422 
Nesbitt et al. (1997), highly variable degrees of weathering within a single terrane are 423 
indicative of tectonic instability. 424 
 425 
Apparent sea level 426 
All of the early (≥3710 Ma) mafic to intermediate volcanic rocks, preserved in 427 
rare low strain zones have relict pillow structures (Nutman et al., 1984; Komiya et al., 428 
1999; Solvang, 1999; Furnes et al., 2007). Thus early volcanism was all submarine. 429 
3710-3700 Ma felsic and mafic volcano-sedimentary rocks display variable and locally 430 
intense weathering, indication of emergence of the source regions (Nutman et al., 431 
2012a). Likewise, it is demonstrated here that c. 3710 Ma pillowed volcanic rocks 432 
were strongly weathered, prior to deposition on top of them of 3695-3690 Ma chemical 433 
sedimentary rocks. This shows emergence, followed a transgression between 434 
3710-3695 Ma. Therefore, throughout the ≥3720 Ma-3690 Ma evolution of the 435 
supracrustal assemblage there were changes in relative sea level. These apparent sea 436 
level changes can be because of progressive accumulation of the igneous suites so that 437 
they eventually emerged above sea level. However, syn-igneous tectonic thickening of 438 
the crust was at least partly responsible for the emergence, as demonstrated by ≥3717 439 
26/11/2013 proto-arc emergence  Nutman et al.  15  
 
  
Ma tectonic intercalation of upper mantle dunites and harzburgites within crustal 440 
sequences (Fig. 2; Friend & Nutman, 2010, 2011). However after the emergence, there 441 
was clearly a transgression followed by the deposition of chemical sedimentary rocks, 442 
indicating a relative rise in sea level between 3710-3695 Ma. 443 
 444 
Comparison with Phanerozoic intra-oceanic arc and plateau settings 445 
Because the c. 3700 Ma Isua assemblage consists of essentially juvenile crust at 446 
the time it formed, two possible settings for its formation are at an intra-oceanic 447 
convergent plate boundary and within an intra-oceanic mafic plateau. The integrated 448 
data set allows clear discrimination between these possibilities. The ≥3720-3690 Ma 449 
igneous activity took place in a tectonically active setting, with tectonic intercalation of 450 
crustal and mantle rocks during the development of the package, not just in 451 
superimposed, younger, unrelated, tectonic events. This crust mantle intercalation 452 
would not be observed during the development of an intra-oceanic plateau, distal from 453 
convergent plate boundaries, but it does occur at intra-oceanic convergent plate 454 
boundaries (Shervais, 2001 and references therein). Geochemically, there is a temporal 455 
shift from mafic, to intermediate and then felsic igneous rocks (Nutman & Friend, 456 
2009). The earlier mafic-intermediate igneous suites (≥3720-3710 Ma) have 457 
geochemical signatures indicating melting of depleted mantle by fluid fluxing (Polat et 458 
al., 2002; Polat & Hofmann, 2003; Hoffmann et al., 2011b and data in this paper). The 459 
younger 3700-3690 Ma tonalites on the north side of the belt are classic Archaean 460 
calc-alkaline rocks, with geochemical signatures indicating melting of high pressure 461 
(garnetiferous) mafic rocks. Calc-alkaline magmatism appears with the maturing of 462 
intra-oceanic island arcs (e.g. Shervais, 2001). On the other hand, adiabatic 463 
decompression dry melting in mantle diapirs is the essential processes in the formation 464 
of most igneous rocks in intra-oceanic within-plate settings (Farnetani & Richards, 465 
1994 and references therein). 466 
Based then on geochemical criteria, the c. 3700 Ma Isua assemblage has 467 
characteristics expected at convergent plate boundary settings and shows many of the 468 
features recognised in the birth, death and resurrection life cycle of suprasubduction 469 
zone ophiolites (arc assemblages; Dilek & Polat, 2008; Friend & Nutman, 2010). As 470 
summarised by Stern & Bloomer (1992) and Shervais (2001), key features of this cycle 471 
as seen in c. 3700 Ma Isua are: Tectonically active, with early mafic rocks produced 472 
from the upper mantle by fluid fluxing and melt overprinting from the ‘subducted’ slab 473 
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to produce submarine boninites and arc basalts, then subaerial emergence with the 474 
transition of magmas towards more felsic calc-alkaline varieties and the production of 475 
felsic volcano-sedimentary and sedimentary aprons from the emergent volcanic 476 
centres. 477 
 478 
Eoarchaean ‘proto-arcs’ based on Isua crust formation at c. 3700 Ma 479 
It is likely that the internal architecture of Eoarchaean intra-oceanic island arcs 480 
was markedly different from those in the Phanerozoic, albeit geodynamically they 481 
occupied the same niche; i.e. the removal of ‘excess’ oceanic first-generation crust 482 
from Earth’s surface by the formation of second-generation intermediate to felsic 483 
juvenile crust. For these Eoarchaean arc-like features we here introduce the term 484 
‘proto-arcs’– to stress that they might have had an architecture very different from 485 
modern arc systems. One marked difference could have been the lack of a discrete, 486 
long-lived single subduction zone to transport oceanic crust well below the 487 
asthenosphere. Instead, mature proto-arcs might have been marked by imbricate 488 
packages of intercalated oceanic crust, uppermost mantle and earliest mafic proto-arc 489 
crust, that extended only into the uppermost mantle (de Wit, 1986; Nutman et al., 490 
2007; Nagel et al., 2012).  491 
The different thermal state of the Eoarchaean Earth is why c. 3700 Ma 492 
convergent plate boundaries were unlikely to be the same as modern intra-oceanic 493 
subduction channel + arc assemblages. One important factor to consider is the relative 494 
buoyancy of ‘oceanic’ mafic crust versus the asthenosphere. On the modern Earth, 495 
subduction continues because older, cold oceanic crust becomes denser than the 496 
asthenosphere, and upon rupture will sink through it. Thus it is widely recognised that 497 
during the life of intra-oceanic subduction systems, the conserved plate is mostly under 498 
tension, commonly with the roll-back of the subduction zone (Collins, 2002; Cawood, 499 
2005). With time, in modern systems that are not sediment starved, this will lead to the 500 
overstepping of the fore-arc volcanic apron by younger arc igneous rocks (e.g., 501 
Cawood et al., 2011 and references therein). If in the Eoarchaean the oceanic crust 502 
typically remained buoyant relative to the asthenosphere (because oceanic crust was 503 
hotter? younger?) then the commonest style of Phanerozoic intra-oceanic subduction 504 
could not operate. However, in order to compensate for oceanic crust production along 505 
spreading centres, Eoarchaean convergent plate boundaries must have existed. An 506 
initial compressional intra-oceanic rupture zone would have intercalated mantle with 507 
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still-buoyant oceanic crust. At the earliest stage of proto-arc development (this stage is 508 
not illustrated in Fig. 8), this would have promoted the formation of magmas by 509 
fluid-fluxing of the upper mantle to produce the Eoarchaean equivalents of the 510 
boninites and arc tholeiites, as seen in the earliest stages of Phanerozoic intra-oceanic 511 
arc development (Sterner & Bloomer, 1992; Shervais, 2001). Thereafter, the buoyancy 512 
of the underthrust oceanic crust would have promoted a compressional tectonic 513 
regime, because of the inability of that crust to undergo Phanerozoic-style subduction 514 
(i.e., sink into the mantle on its own accord). Crustal shortening in this compressional 515 
regime would have been accommodated by tectonic intercalation (Fig. 8A; e.g. deWitt, 516 
1985; Nutman et al., 2007). Pressure increase at the base of this growing imbricated 517 
pile combined with temperature increase by conduction would have caused melting 518 
first in the stability field of garnet amphibolite (and/or high pressure granulite) and 519 
then rutile-bearing eclogite (Hoffmann et al., 2011a). This temporal progression in 520 
changing geochemistry is in keeping with garnet-signatures only being present in the 521 
youngest rocks of the c. 3700 Ma Isua assemblage – the 3700-3690 Ma high SiO2 – 522 
low MgO tonalites, which display trace element signatures such as high La/Yb(N) and 523 
low Yb(N) (Fig. 7C). 524 
Another feature of this model is that the earliest proto-arc components – largely 525 
mafic volcanic rocks, gabbros with intercalations of upper mantle rocks – were 526 
preserved in the crust by being locked in a greater volume of more silicic rocks formed 527 
by the melting of underthrust eclogitised mafic crust. Thus in the prot-arc model, 528 
oceanic (MORB-like) crust will have a much lower crustal preservation potential than 529 
the early mafic arc rocks. This is because there is a much greater probability of it being  530 
partially melted at depth to produce garnetiferous restites that remain in the mantle, 531 
than for it being tectonically emplaced and preserved into the crust. No doubt this 532 
genre of model will require further testing, but at present it satisfies not only 533 
geochemical and isotopic constraints, but geochronological and structural geology 534 
ones as well. 535 
An important difference between Archaean proto-arcs and modern arc systems 536 
would have been the bias between different melting mechanisms (Martin, 1986). 537 
Although the melting of eclogitised slab does occur locally on Earth today, recycling of 538 
oceanic crust into the deep mantle with fluid-loss is a much more important process. 539 
For this reason Phanerozoic island arc magmatism produces largely basaltic-andesitic 540 
suites, with lesser amounts of more silicic rocks. In the Phanerozoic, the production of 541 
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more silicic compositions is predominantly in continental arcs, where the silicic 542 
compositions show isotopic evidence of recycling of the older continental rocks (e.g., 543 
Hildreth & Moorbath, 1988). However, in the Eoarchaean, the greater importance of 544 
melting of mafic eclogite led to silicic rocks such as tonalites being the dominant 545 
product of proto-arc magmatism, with only lesser amounts of slightly older basalts and 546 
andesites preserved as enclaves and tectonic slices within them. Hence in contrast to 547 
Phanerozoic silicic arc magmas, those formed in the Eoarchaean are predominantly 548 
juvenile additions to the crust, and therefore contributing to net growth of the crust 549 
more effectively. 550 
 551 
552 
26/11/2013 proto-arc emergence  Nutman et al.  19  
 
  
Eoarchaean proto-arcs and mantle isotopic signatures 553 
It is increasingly recognized that that there is a change in the pattern of 143Nd 554 
and 176Hf isotopic evolution in the mantle, as reflected in the isotopic signatures of 555 
Archaean juvenile granitoids and mantle-derived rocks, with an inflection in both 556 
long-lived systems occurring between 3600 Ma and 3200 Ma (c.f., Bennett et al., 557 
1993, Hiess et al., 2009, Næraa et al., 2012). Pre-3500 Ma, mantle derived samples are 558 
characterised by near chondritic εHf and positive εNd values. Post 3200 Ma, both 559 
systems are characterized by a quasi-linear evolution with a well defined correlation of 560 
positive εHf and εNd values (Vervoort et al., 2011).  561 
The near chondritic Eoarchaean εHf compositions likely reflect the limited 562 
extent of Hadean and early Archaean crust and thus its minimal impact on mantle 563 
isotopic evolution, but may also be related changes in arc processes. As previously 564 
discussed, the chemistry of the basalts must at least in part reflect depleted mantle 565 
overprinted by subduction components. During the proto-arc era and in contrast to 566 
younger time periods, any subducted sediments contributing to Isua arc development 567 
were likely of similar Hf and Nd isotopic composition to the mantle. Although Sm and 568 
Nd and to a lesser extent Lu and Hf can be fractionated by subduction fluids and melts, 569 
there was insufficient time to generate significant isotopic variations in the 570 
sedimentary component prior to subduction. Furthermore, the efficacy of crustal 571 
extraction and mixing of depleted mantle domains might have been hindered by the 572 
lack of well-developed, subduction systems resulting in slower transfer and 573 
homogenisation of isotopic signatures into the upper mantle. 574 
A significant difference between  Eoarchaean proto-arcs versus younger arc 575 
systems, is the widespread partial melting of recycled mafic crust, giving rise to 576 
distinctive Archean tonalite-trondhjemite-granodiorite suites and resulting in the 577 
formation of extensive garnet ± clinopyroxene (with very high Lu/Hf and high Sm/Nd) 578 
restites in the upper mantle (Nutman et al., 1999). These restites would develop highly 579 
radiogenic Hf and Nd isotopic compositions. The behavior of these residues in the 580 
Archean mantle, and their possible influence on mantle isotope characteristics have 581 
been little considered. Here we speculate that in the Archaean, refractory residues from 582 
TTG genesis may have been resistant to mixing in the upper mantle. If this where the 583 
case, the storage of these garnetiferous residues would result in delaying the depletion 584 
of Lu/Hf and Sm/Nd and as such buffering upper mantle Nd and Hf isotopic 585 
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signatures. Although melting of such restites directly would not produce boninitic 586 
composition melts, we further note that c. 3900 Ma restites (complementary to the 587 
oldest Itsaq Gneiss Complex tonalites) could generate a mantle source with the 588 
distinctive radiogenic εHf and εNd characteristics noted for the ≥3720 Ma Isua boninites 589 
by Hoffmann et al. (2010). 590 
 591 
Conclusions 592 
(1) The 3720-3690 Ma isotopically juvenile crustal assemblage at Isua shows a 593 
progression from mafic to felsic combined with geochemical signatures indicating 594 
generation initially by fluid fluxing ± melt transport through the depleted upper mantle 595 
succeeded by partial melting of garnetiferous metamorphosed mafic rocks. 596 
(2) Within the 3720-3690 Ma period there was tectonic intercalation of crustal and 597 
mantle rocks, indicating a tectonically-active environment during crust formation. 598 
(3) Tectonic activity juxtaposed rocks ranging in age from ≥3720 Ma to 3690 Ma, that 599 
had formed in different environments ranging from deep to shallow water and 600 
subaerial. 601 
(4) The geochemical characteristics of the 3720-3690 Ma syn-tectonic Isua assemblage 602 
show melting mechanisms known in post-Archaean arc settings, and are best viewed 603 
as ‘proto-arcs’ having formed along Eoarchaean convergent plate boundaries. 604 
(5) The Eoarchaean proto-arcs had the same geodynamic function as arcs today, i.e. the 605 
‘disposal’ of oceanic crust production coupled with the formation of buoyant 606 
intermediate-felsic crust. In our evolving working model, we suggest that their tectonic 607 
architecture was likely different from modern arcs, with broad crustal imbrication 608 
zones without mass transfer below the asthenosphere, i.e., lacking a discrete 609 
subduction zone recycling oceanic crust below the upper mantle. 610 
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Table captions 911 
Table 1. Summary of c. 3700 Ma crustal evolution in the Isua area, southern West Greenland. 912 
 913 
Table 2. Whole rock geochemistry of c. 3700 Ma Isua rocks. See footnotes for analytical 914 
techniques and sources. Laser –ICP-MS trace element analyses were undertaken using fused 915 
discs. 916 
 917 
Figure captions 918 
Figure 1. Geological map of the Isua area, emphasising the c. 3700 Ma rocks and the tectonic 919 
contact with the c. 3800 Ma terrane to the south. Areas shown in Figures 2 and 4 are indicated. 920 
 921 
Figure 2. Geological map of part of the northwestern Isua supracrustal belt. U-Pb zircon age 922 
constraints (Nutman & Friend, 2009 and Friend & Nutman, 2010 and references therein) are 923 
given with 95% confidence uncertainties. 924 
 925 
Figure 3. (A) Dunite from the large mantle-derived ultramafic pod in the northeastern part of 926 
Fig. 2 (pen for scale, bottom right). Fine-grained olivine matrix contains larger orientated 927 
olivine grains (running left-right in the photograph). This fabric formed at high temperature in 928 
the mantle, not in the crust during amphibolite facies metamorphism (Friend & Nutman, 2011). 929 
(B) Back scattered electron image of dunite. Grey = forsteritic olivine; black = secondary 930 
serpentine and white = secondary magnetite. The small amount of secondary magnetite reflects 931 
the very high Mg/Fe ratio of the rock. Note the polygonal texture. 932 
 933 
Figure 4. Geological map of part of the eastern Isua supracrustal belt. U-Pb zircon age 934 
constraints (Nutman & Friend, 2009 and Friend & Nutman, 2010 and references therein) are 935 
given with 95% confidence uncertainties. 936 
 937 
Figure 5. Isua c. 3700 Ma rocks in the mafic igneous (M) – felsic igneous (F) – weathering (W) 938 
plot of Ohata & Arai (2008). See Ohata & Arai (2008) for how these parameters are 939 
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constructed. This plot is applicable for all igneous compositions from basalts to granites. This 940 
plot includes data from a figure in Nutman et al. (2012a). 941 
 942 
Figure 6. Geochemistry plots of Isua c. 3700 Ma mafic and intermediate igneous rocks. (A) 943 
Primitive mantle normalised trace element diagrams (normalised with values of Sun & 944 
McDonough, 1989), (B) Nb/Yb versus Th/Yb, with fields from Pearce (2003). 945 
 946 
Figure 7. Geochemistry of c. 3700 Ma felsic igneous rocks: (A) SiO2 versus MgO, (B) Y versus 947 
Sr/Y and (C) Yb(N) versus La/Yb(N)/Yb(N). TTG = tonalite-trondhjemite-granodiorite. The 948 
fields in the trace element diagrams are taken from Martin (1986). Rare earth elements are 949 
normalised to chondrite, using the values of Sun & McDonough (1989). 950 
 951 
Figure 8. Cartoon cross sections comparing mature Eoarchaean proto-arc and Phanerozoic 952 
island arc structure. The proto-arc is shown at the dominant tonalite-dacite producing phase, 953 
after arc initiation when fluid fluxing of a mantle wedge occurred. 954 
 955 
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